Intact mitochondria of Neurospora crassa incorporate deoxythymidine 5'-monophosphate (dTMP) into deoxyribonucleic acid but not the label from [methyl-3H ]deoxythymidine. Mitochondrial homogenates contain deoxythymidylate kinase (EC 2.7.4.9), deoxycytidylate aminohydrolase (dCMP deaminase) (EC 3.5.4.12), and thymidylate synthetase (EC 2.1.1b), but not thymidine kinase (EC 2.7.1.21) activity. dTMP kinase is loosely bound to the mitochondrial membrane and is solubilized by 0.4 M KCl in mitochondrial homogenates. The dCMP aminohydrolase (deaminase) is bound to the inner membrane and is not solubilized by 0.4 M KCl. dTMP synthetase activity is found in the 2,000 x g particulate fractions by homogenization of mitochondria in 0.4 M KCl. The dCMP deaminase activity found in the particulate fraction of the inner membrane is efficiently regulated by the products of the pathway: deoxycytidine 5'-triphosphate activates whereas deoxythymidine 5'-triphosphate inhibits, as found for the soluble enzyme from other sources. These data indicate that mitochondria of N. crassa contain specific enzymes for the biosynthesis of deoxythymidine triphosphate.
It has been well established in different organisms that mitochondria contain deoxyribonucleic acid (DNA); the information content of that DNA has been also established to some extent (1, 3) . Mitochondria can effect the DNAdependent synthesis of ribonucleic acid (RNA) (16, 29, 33) and protein synthesis (23) and contain DNA polymerase (10, 11) and RNA polymerase (13, 30) that are different from the nuclear enzymes. Mitochondrial DNA is the best "substrate" for these two enzymes.
Mitochondria incorporate DNA precursors in vivo (8) . Deoxythymidine (17) , deoxythymidine 5'-monophosphate (dTMP) (11) , and deoxythymidine 5'-triphosphate (dTTP) (22) are incorporated into DNA in vitro by intact mitochondria from rat liver. Recently Berk and Clayton (2) reported that mouse L cells that lack nuclear thymidine kinase are able to incorporate thymidine and bromodeoxyuridine into mitochondrial DNA.
Since it has been reported that Neurospora crassa does not contain thymidine kinase activity (9) and the label from [methyl-3H]thymidine is not found in either nuclear or mitochondrial DNA or RNA (7) , it therefore appeared that N. crassa might be a good system for l Present address: Laboratory of Molecular Embryology of the CNR, Arco Felice, Napoli, Italy.
investigating the possible presence of thymidine kinase in mitochondria. Although Neurospora lacks a nuclear thymidine kinase, mitochondria might contain this enzyme. This would be analogous to what has been found in certain mouse L-cell mitochondria (2) . For this reason we have studied thymidine kinase and other enzymes involved in the biosynthesis of DNA precursors in mitochondria of N. crassa, determining their properties and localization when feasible.
MATERIALS AND METHODS
The deoxynucleotides employed were obtained from Sigma and Calbiochem; actinomycin D was from PL Biochemicals; [methyl-3H]deoxythymidine (18.5 Ci/mmol), [2-'4C] dTMP (48 mCi/mmol), and [2-4C ]deoxycytidine 5'-monophosphate (dCMP) (50.6 mCi/mmol) were purchased from Schwarz. [2- '4CIdeoxythymidine (27.5 mCi/mmol) was purchased from Calatomic. Diethylaminoethyl (DEAE)-cellulose was obtained from Serva and Calbiochem; precoated thin-layer DEAE plates were from S. T.
Baker. Digitonin (grade I) was purchased from Sigma and recrystallized from absolute ethanol. Proteins were determined by the method of Lowry et al. (15) using bovine serum albumin (Sigma) as standard, and DNA was determined by Burton's modification of the diphenylamine method (4) .
Preparation of N. crassa mitochondria. Hyphae (wild type 74A) were cultured at 30 C in Vogel minimal medium (31) Each flask, containing 1 liter of minimal medium, was inoculated with 105 conidia per ml and incubated for 20 h. The hyphae were harvested by filtration and washed with cold distilled water. Nuclei and mitochondria were prepared (34) using 0.5 M sucrose, 0.05 M tris(hydroxymethyl)aminomethane(Tris)-hydrochloride, and 1 mM ethylenediaminetetraacetic acid (EDTA), pH 7.5 (STE buffer). Crude mitochondria, washed two times with approximately 150 ml of STE buffer, were then purified on a discontinuous sucrose gradient (5 ml of 2.3 M sucrose, 10 ml of 1.6 M sucrose, 10 ml of 1.2 M sucrose, all in 0.05 M Tris-hydrochloride-1 mM EDTA, pH 7.5) by centrifugation for 60 min at 27,000 rpm in a Spinco SW27 model L rotor. The mitochondrial band was collected with a U-shaped Pasteur pipette, diluted with four volumes of STE buffer, and centrifuged at 30,000 x g for 30 min. In some experiments, the mitochondrial pellet, gently resuspended in STE buffer in a homogenizer, was further purified with a linear sucrose gradient, prepared with 18 ml of 1.8 M sucrose, 1 mM EDTA, 0.05 M Tris-hydrochloride (pH 7.5), and 18 ml of 1 M sucrose in the same buffer. After centrifugation at 27,000 rpm in an SW27 rotor for 80 min, the gradient was collected from the bottom of the tube in fractions of about 2 ml. The fractions diluted with four volumes of STE buffer were centrifuged at 30,000 x g for 30 min. The pellets were resuspended in a known volume of STE buffer, and samples were taken to assay the enzymatic activities and protein concentration.
Slime mutant strain 1118A (generously supplied by V. Woodward) was cultured in the Vogel minimal medium to which 0.75% yeast extract, 0.75% nutrient broth, and 2% soluble starch had been added. Slants were prepared with the same medium containing 2% agar. Flasks (125 ml) containing 50 ml of culture medium were inoculated from the slants and allowed to grow for 3 to 4 days at 30 C in a rotatory shaker at 150 rpm. One-liter flasks, containing 200 ml of culture medium, were inoculated, with 5 ml of the 3-to 4-day-old inoculum and allowed to grow for 40 h at 30 C in a rotatory shaker at 150 rpm. Cells were harvested by centrifugation at 600 x g, and homogenized gently in a glass homogenizer (Thomas Co.) with a Teflon pestle in four volumes of STE buffer. The breakage was checked with a microscope. Mitochondria were prepared and purified as described above.
Subfractionation of mitochondria. Mitochondria were suspended in the STE buffer at a concentration of 15 to 20 mg of protein per ml. A solution (2% in water) of recrystallized digitonin (32) 15 min at 2,000 x g. The supernatant (Se) contained the outer membrane suspension. The precipitate, resuspended in the phosphate buffer, contained the inner membrane suspension.
Enzymatic assays: cytochrome oxidase. Cytochrome oxidase was assayed using the method of Smith (28) . A 1-ml volume of incubation mixture was used in a Cary-15 spectrophotometer. Cytochrome oxidase was activated as described by Schnaitman and Greenawalt (26) .
Thymidine kinase. The reaction mixture for thymidine kinase determination was essentially that described by Okazaki and Kornberg (20) , with the following modifications: (i) an adenosine 5'-triphosphate (ATP) regenerating system was used (0. Ci/mmol. After 30 min of incubation at 37 C, the reaction was stopped by the addition of 10 Aliters of cold 20% trichloroacetic acid, and the mixture was centrifuged for 10 min at 1,000 x g. Fractions of 25 or 50 dliters were spotted on a DEAE thin-layer plate and separated with 5 mM HCl using cold dTMP as standard. The spots corresponding to dTMP were scraped off the layer, and the radioactivity was counted in a Packard Tri-Carb liquid scintillation counter.
dCMP deaminase. The reaction mixture contained, except where otherwise noted, 0.05 mM phosphate buffer (pH 7.3), 1 mM magnesium acetate, 0.1 mM dithiothreitol (DTT), 10MgM deoxycytidine 5'-triphosphate (dCTP), and 2 mM [2-14C]dCMP (specific activity 1 mCi/mmol). A 0.1-ml volume of this mixture was incubated with the protein samples for 10 and 20 min at 37 C. The reaction was stopped by addition of 10 uliters of 20% trichloroacetic acid. After 10 min at 0 C, the suspension was centrifuged for 10 min at 1,000 x g, and 25 or 50 gliters of the supernatant was spotted on a DEAE thin-layer plate with cold dCMP and deoxyuridine 5'-monophosphate (dUMP) as carriers. dUMP and dCMP were separated with 0.01 M HCl. The plates were dried, the spots were scraped off the layer, and their radioactivity was counted.
dTMP synthetase. The assay conditions for dTMP synthetase were those described by Dunlap et al. (5) min at 0 C, 10 ml of cold STE buffer was added and the suspension was centrifuged for 20 min at 30,000 x g. DNA was extracted from nuclear and mitochondrial fractions (18) . Each pellet was washed with 10% trichloroacetic acid and treated with ethanol-ether (3:1). The residue was dissolved in 0.33 M NaOH and kept at 37 C for 4 h to hydrolyze RNA. DNA and proteins were precipitated by addition of trichloroacetic acid to a final concentration of 5%. The precipitate was resuspended in 2 ml of 5% trichloroacetic acid, and DNA was hydrolyzed by heating at 100 C for 15 min. The mixture was centrifuged, and the precipitate was washed with 1 ml of 5% trichloroacetic acid. The supernatants were combined and extracted with chloroform isoamyl alcohol (24:1). The aqueous solutions were used to determine the incorporation of the labeled precursor and the deoxyribose content (4 30 ,000 x g, the whole homogenate and the supernatant were assayed for thymidine kinase activity (see Materials and Methods) using [methyl-3H]deoxythymidine as substrate. No radioactivity in the spot corresponding to dTMP was found. From the results of these three experiments, it can be concluded that a thymidine phosphorylating enzyme is not present in N. crassa. However, detectable 14C incorporation was found in the experiments with intact mitochondria and with mitochondrial homogenates using [2-14C] thymidine. These results are discussed further below. dCMP deaminase. Neurospora can synthesize deoxythymidine nucleotides from dCMP by action of dCMP deaminase. This enzyme, normally not found in the enteric bacteria, is present in homogenates of N. crassa and is activated by dCTP and inhibited by dTTP. Not much work has been done in microorganisms in which dCMP deaminase has been reported and purified, (e.g., note the work on Lactobacillus acidophilus [27] ).In higher organisms there is a highly regulated dCMP deaminase which insures an adequate synthesis of dUMP for deoxythymidine nucleotide biosynthesis (25) .
We looked for a dCMP deaminase in the mitochondria of Neurospora. Figure 1 shows an elution profile of a linear gradient of mitochondria, previously purified with a step gradient. Protein concentration, cytochrome oxidase activity (as a marker enzyme of mitochondria), and dCMP deaminase activity have been measured in the fractions. The dCMP deaminase profile suggests that the enzyme is present in mitochondria and not in cell fragments or debris. The explanation for the smaller first peak is not obvious and could be due to aggregated mitochondria. Mitochondria were homogenized in 0.05 M Tris-hydrochloride, 1 mM acetate, 20 gM dCTP, 0.1 mM DTT, and 0.4 M KCl (pH 7.9). After 30 min of stirring, the solution was centrifuged for 15 min at 30,000 x g. The pellet was suspended into 0.01 M phosphate buffer, 0.1 mM DTT, 1 mM magnesium acetate, and 20 MM dCTP (pH 7.3) and assayed. When fresh slime mitochondria were used, 0.4 M KCl solubilized about 10% of dCMP deaminase activity. Since the enzyme of mitochondria from the slime strain (lacks cell wall) is tightly membrane-bound, a good purification was obtained by suspending the precipitate for 20 min in phosphate buffer containing 2% Tween 80. Eighty to ninety percent of the enzyme was recovered in the particulate fraction, and twofold activation was observed. The activity dropped down again by about 50% when Tween 80 was washed out, sedimenting the suspension and resuspending it in 10 mM phosphate buffer.
In wild-type mitochondria, 4 to 8 nmol of dUMP was produced per mg of protein by dCMP deaminase in 20 min. The higher values were found in the mitochondria of the slime strain. The specific activity of the particulate enzyme after Tween 80 treatment increased almost four times. Table 1 shows that the inhibition of dCMP deaminase by dTTP can be reversed by dCTP and vice versa. It is important to point out that dCTP is a poor activator of the enzyme at high substrate concentrations (25) . The effect of dCTP on the activity of dCMP deaminase at 0.2 mM dCMP concentration is shown in Fig. 2 (12) reported that intact mitochondria from mouse liver contain dTMP kinase activity, and that the activity was higher in mitochondrial extracts. The mitochondria from N. crassa were homogenized in 0.05 M Tris-hydrochloride-0.1 mM DTT (pH 7.9), and the solution was stirred mechanically for 30 activation of the dCMP deaminase by dCTP, suggesting the possibility of a physiological regulatory mechanism depending on the relative amounts of these two effectors. dTMP synthetase. A dTMP synthetase activity of 4 to 5 nmol of dTMP formed per mg of protein in 30 min was found in N. crassa mitochondria. The homogenate was prepared in the same way as that for dCMP deaminase, and the particle-bound activity was not solubilized by 0.4 M KCl.
dTMP kinase. Table 2 shows the results of an experiment to demonstrate the incorporation of labeled dTMP into mitochondrial DNA. for 15 min. The supernatant contained a dTMP kinase, with activity one to three times higher than that of the homogenate. In addition, when the enzyme was partially purified, the specific activity increased about four times. Table 3 summarized the requirements of dTMP kinase of mitochondria from slime. There is an absolute requirement of Mg2+ and ATP. The ATP regenerating system enhances the activity in the whole homogenate by about 40% but has little effect on the KCl solubilized enzyme.
Mitochondrial localization of dCMP deaminase and dTMP kinase. Localization of dCMP deaminase and dTMP kinase within mitochondria was studied by subfractionation of mitochondria with both the digitonin method and the phosphate method (2, 26) . Table 4 summarized the results obtained.
The dCMP deaminase appears to be bound to the inner membrane, and dTMP kinase must be very loosely bound to one of the membranes and/or compartmentalized. However, experiments with [2-4C ]deoxythymidine show some incorporation of "C into acidinsoluble material, and a little thymidine kinase activity was found in mitochondrial homogenates. As shown by Fink and Fink (7) and Grivell and Jackson (9) , addition of aThe enzymatic activities were assayed as described in the text. In the digitonin sample, S represents the supernatant containing the outer mitochondrial compartment and fragments of the outer mitochondrial membrane. P represents the pellet containing the inner mitochondrial membrane and inner compartment. In the phosphate sample, Sl represents the supematant containing soluble proteins of the outer mitochondrial compartment, S2 is the supernatant containing the fragments of outer mitochondrial membrane, and P is the pellet containing the inner membrane and inner compartment. The activities are expressed as nanomoles of product per milligram of protein in 20 min at 37 C. labels both RNA and DNA with equal efficiency. These results suggest that N. crassa lacks a thymidine phosphorylating enzyme, but it can convert deoxythymidine to a pyrimidine precursor which is used for RNA and DNA synthesis (19) . A similar mechanism can explain our results with [2-"C ]deoxythymidine.
Indeed, 25 to 30% of the deoxythymidine is recovered as thymine after 30 min of incubation with mitochondrial homogenates. Therefore, the [2-14C ]radioactivity found in the dTMP spot might be due to a pyrimidine precursor (e.g., dUMP) that migrates with dTMP.
The presence of dCMP and dTMP synthetase in mitochondria can give an adequate supply of dTMP for the biosynthesis of mitochondrial DNA. dCMP deaminase has been well characterized in mammals, and the only microorganism in which dCMP deaminase has been reported is Lactobacillus acidophilus (27) 
